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(54) FDD forward link beamforming method for a FDD communications system 



(57) A highly bandwidth-efficient communications 
method is disclosed, to maximize the signal-to-interfer- 
ence-noise ratio (SINR) of transmissions from a base 
station to a remote station in a wireless communications 
system. The method is used for base stations that have 
a plurality of antenna elements that are capable of spa- 
tial beam steering by altering the relative phase of trans- 
mission of signals from the respective elements. The 
method of the invention is based on providing calibra- 
tion frames that sequentially transmit calibration bursts 
from the respective antenna elements for a particular 
destination remote station. The calibration bursts 
include a plurality of tone frequencies arranged in a dis- 
tinctive orthogonal frequency division multiplexed pat- 
tern unique to the base station. The unique pattern 
enables a remote station to distinguish the base sta- 
tion's bursts from other signals present in a crowded 
area. The distinctive orthogonal frequency division mul- 
tiplexed pattern can be a Hadamard code pattern, for 
example. The plurality of calibration bursts are part of a 
transmission frame having a reference phase. The 
remote station receives the calibration bursts and meas- 
ures values related to the relative phase difference 
between the calibration bursts and the reference phase. 
The remote station also measures the SINR of the 
received bursts. The measured values are then pre- 
pared as a sampling data message that is transmitted 
by the remote station back to the base station. The base 
station then calculates therefrom a beam steering cor- 
rection to modify the relative phase difference. This 
beam steering correction is then applied to traffic bursts 
that are respectively transmitted from the plurality of 
antenna elements at the base station, to steer the plu- 



rality of traffic bursts toward the remote station. The 
beam steering correction steers the traffic bursts to 
maximize the signal-to-interference-noise ratio (SINR) 
of the traffic bursts at the remote station. 
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Description 

Background of the Invention 

5 Field of the Invention 

[0001 ] This invention involves improvements to communications systems and methods in a wireless communications 
system. 

io Description of Related Art 

[0002] Adaptive beamforming technology has become a promising technology tor wireless service providers to offer 
large coverage, high capacity, and high quality service. Based on this technology, a wireless communication system can 
improve its coverage capability, system capacity, and performance significantly. 
75 [0003] The personal wireless access network (PWAN) system described in the referenced Alamouti, Stolarz, et al. 
patent applications, uses adaptive beamforming combined with a form of the CDMA protocol known as discrete multi- 
tone spread spectrum ( DMT-SS ) to provide efficient communications between a base station and a plurality of remote 
units (RU). 

- [0004] What is needed is an improved method to maximize the signal-to-interference-noise ratio (SINR) of transmis- 
20 sions from a base station to a remote station in a wireless communications system. 

» Summary of the Invention 

[0005] A highly bandwidth-efficient communications method is disclosed, to maximize the signal-to-interference-noise 

25 ratio (SINR) of transmissions from a base station to a remote station in a wireless communications system. The method 
is used for base stations that have a plurality of antenna elements that are capable of spatial beam steering by altering 
the relative phase of transmission for signals from the respective elements. The method of the invention is based on 
providing calibration frames that sequentially transmit calibration bursts from the respective antenna elements for a par- 
ticular destination remote station. The calibration bursts include a plurality of calibration tone frequencies arranged in a 

30 distinctive orthogonal frequency division multiplexed pattern unique to the base station. The unique pattern enables a 
remote station to distinguish the base station's bursts from other signals present in a crowded area. The distinctive 
orthogonal frequency division multiplexed pattern can be a Hadamard code pattern, for example. The base station 
forms each respective calibration burst for each antenna element by computing spreading weights to spread an outgo- 
ing calibration signal over the plurality of outgoing calibration tone frequencies, using the distinctive Hadamard orthog- 

35 onal frequency division multiplexed pattern. Each antenna element, in turn, transmits its respective calibration burst in 
the form of a spread signal comprising the calibration signal spread over the plurality of calibration tone frequencies. 
The plurality of calibration bursts are part of a transmission frame having a reference phase. 
[0006] The remote station receives the calibration bursts and despreads the spread signal by using despreading 
weights. The remote station measures values related to the relative phase difference between the calibration bursts and 

40 the reference phase. The remote station also measures the SINR of the received bursts. The measured values are then 
prepared as a sampling data message that is transmitted by the remote station back to the base station. 
[0007] The base station receives the sampling data message and calculates therefrom a beam steering correction to 
modify the relative phase difference. This beam steering correction is then applied to traffic bursts that are respectively 
transmitted from the plurality of antenna elements at the base station, to steer the plurality of traffic bursts toward the 

« remote station. The beam steering correction steers the traffic bursts to maximize the signal-to-interference-noise ratio 
(SINR) of the traffic bursts at the remote station. 

[0008] The sampling data message that is received by the base station is in the form of a spread signal comprising 
an incoming link control signal that includes the sampling data message values spread over a plurality of incoming link 
control frequencies. The base station adaptively despreads the spread signal by using despreading weights, recovering 

so the sampling data message values. The base station then derives from the received values, the current relative phase 
difference (at the remote station) between the respective of calibration bursts and the reference phase of the transmit 
frame. The base station then compares the current derived relative phase difference with a previous value of the relative 
phase difference that was derived from a prior measurement at the remote, of an earlier calibration burst. The prior 
measurement had resulted from beam steering corrections that were applied at the base station to the earlier calibra- 

55 tion burst. The base station then calculates a transmission phase correction to the plurality of antenna elements in 
response to the comparing step, to minimize the relative phase differences between the plurality of traffic bursts at the 
remote station. 

[0009] The base station then computes spreading weights to spread outgoing traffic signals over a plurality of outgo- 
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ing frequencies, using the calculated transmission phase correction. The base station spreads the traffic signals over 
the plurality of outgoing frequencies using the computed spreading weights, thereby forming the plurality of outgoing 
traffic bursts. The resulting traffic bursts are transmitted from the plurality of antenna elements. In a preferred embodi- 
ment, the base station is part of a wireless discrete multitone spread spectrum communications system. In another 
s aspect of the invention, the calibration tone frequencies in the calibration bursts are also used for link control in the traf- 
fic bursts. 

[001 0] Currently, the invention has advantageous applications in the field of wireless communications, such as cellular 
communications or personal communications, where bandwidth is scarce compared to the number of the users and 
their needs. Such applications may be effected in mobile, fixed, or minimally mobile systems. However, the invention 
io may be advantageously applied to other, non-wireless, communications systems as well. 

Brief Description of the Drawings 

[001 1 ] In the drawings : 

15 

Fig. 1 illustrates a multiple cell wireless communications network, where each cell includes a base station that has 
a distinctive calibration tone pattern assigned to it. 

Fig. 1 A shows base station Z0 sequentially transmitting a calibration burst in each of a plurality of subframes, from 
each of a plurality of antenna elements, each burst consisting of a plurality of tones in a distinctive orthogonal fre- 

20 quency division multiplex (OFDM) pattern. Two remote stations. R0 and R1 . receive the calibration bursts and 
record the relative phase and the SINR of each burst as sampling data. 
Fig. 1 B shows each remote station R0 and R1 returning the sampling data to the base station. 
Fig. 1 C shows a more detailed view of the composite calibration frame as it is received at the remote station R0, 
with each respective calibration burst positioned, with an uncorrected phase, in its respective subframe. 

25 Fig. 1 D shows four stages of the composite calibration frame: frame 1 has uncorrected calibration bursts as seen 
at the base station; frame 2 has uncorrected calibration bursts as seen at the remote station R0; frame 3 has cor- 
rected calibration bursts as seen at the base station; and frame 4 has corrected calibration bursts as seen at the 
remote station R0. 

Fig. 1 E shows four examples of the distinctive OFDM pattern provided by the Hadamard code for each of four base 
30 stations. 

Fig. 1 F shows the superframe 1 50 as it appears at each respective one of eight antenna elements at the base sta- 
tion, each superframe consisting of a calibration frame with one of the sequence of calibration bursts, and also one 
or more traffic frames with a plurality of traffic bursts. The base station adjusts the relative phases of the traffic 
bursts transmitted by a particular element to be the same as the relative phase of the calibration burst transmitted 
35 from that element. 

Fig. 1 G illustrates the reuse of the tones used in the calibration burst for calibration, to also be used for call control 
functions in the traffic bursts. 

Fig. 2 is a flow diagram of the overall operation of the base station and remote station in accordance with the inven- 
tion. 

40 Fig. 3 is a flow diagram of the operation of the beam steering calibration manager in the base station. 
Discussion of the Preferred Embodiment 

[001 2] A highly bandwidth-efficient communications method is disclosed, to maximize the signal-to-interference-noise 
45 ratio (SINR) of transmissions from a base station to a remote station in a wireless communications network Fig. 1 illus- 
trates a multiple cell wireless communications network, where each cell CO, C1 . C2, C3 includes a respective base sta- 
tion Z0. Z1, Z2. Z3 that has a distinctive calibration tone pattern assigned to it. Fig. 1E shows four examples, in the 
frequency domain, of distinctive orthogonal frequency division multiplex (OFDM) tone patterns H_16[1], H_16[2], 
H_1 6[3], and H_1 6[4], in the calibration bursts 1 1 0 provided by the Hadamard code for each of four respective base sta- 
so tions, Z0, Z1 , Z2, Z3. In Fig. 1 , cell CO includes base station Z0 and remote stations R0 and R1 . The adjacent cell C1 
includes base station Z1 . In a given interval, base station Z0 is shown sending an OFDM calibration tone pattern signal 
over path [Z0.R0] to remote station R0, encoded with the Hadamard code pattern H_16[1]=[1-1 1-1 1-1 1-1 1-1 1-1 1-11- 
1]. During the same interval, adjacent base station Z1 is shown sending an interfering OFDM calibration tone pattern 
signal which is unintentionally transmitted over path (Z1 ,R0] to remote station R0, encoded with the different Hadamard 
55 code pattern H_16[2]=[1 1 -1 -1 1 1 -1 -1 1 1-1 -1 1 1 -1-1]. The remote station R0 receives both calibration tone pattern signals 
from Z0 and Z1 . but because of their distinctive OFDM coding, the remote station R0 selects only the H_16[1] calibra- 
tion tone pattern signal from base station Z0 tor carrying out the calibration method described below. In the figures 
herein, transmission paths are designated by the symbol "[X , Y ]", where "X" is the source along the path and "Y" is the 
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destination along the path. 

[001 3] The method is used for base stations that have a plurality of antenna elements that are capable of spatial beam 
steering by altering the relative phase of transmission for signals from the respective elements. Fig. 1 A shows base sta- 
tion ZO with eight antenna elements E0, E1 , E2, to E7, for sequentially transmitting a calibration burst 1 10 in each of a 

s plurality of subframes F0, F1 , F2, to F7, from each of the plurality of antenna elements. The figure shows each calibra- 
tion tone burst 1 10 consisting of a plurality of tones in a distinctive OFDM pattern. Two remote stations. R0 and R1, 
receive the calibration bursts and record the relative phase and the SINR of each burst as sampling data in a receive 
calibration buffer 1 20. The calibration tone burst 110 with the Hadamard code pattern H_1 6[1] which is unique to base 
station Z0, is shown in the frequency domain and in the time domain. The time domain depiction places each burst 1 1 0 

io from its respective antenna element E0, E1 , E2, to E7 in its corresponding subframe F0. F1 , F2, to F7. The eight sub- 
frames FO, F1, F2, to F7 are sequentially arranged in the composite calibration frame 122 shown in greater detail in Fig. 
1F. The beginning of the calibration frame is marked with the SYNC header that establishes a reference phase for all of 
the subframes F0, F1 , F2, to F7 and their respective calibration tone bursts 1 1 0. 

[0014] The method of the invention is based on providing calibration frames that sequentially transmit calibration 
is bursts from the respective antenna elements for a particular destination remote station. Fig. 1 C shows a more detailed 
view of the composite calibration frame as it is received at the remote station R0, with each respective calibration burst 
1 1 0 positioned, with an uncorrected phase, in its respective subframe FO, F1 , F2. to F7. The "SYNC" header of the cal- 
ibration frame in the figure is the reference phase for the frame. Each subframe is referenced with respect to the 
• "SYNC" header. Each calibration burst 1 10 has a relative phase difference with respect to the reference phase by an 
20 amount that is proportional to the path distance from the respective transmitting antenna element E0, E1, E2, to E7 at 
the base station Z0 to the receiving remote station R0. 

[001 5] The calibration bursts include a plurality of calibration tone frequencies arranged in a distinctive orthogonal 
frequency division multiplexed pattern unique to the base station, as shown in Fig. 1 E. The unique pattern enables a 
remote station to distinguish the base station's bursts from other signals present in a crowded area, such as shown in 
25 Fig. 1. 

[001 6] The distinctive orthogonal frequency division multiplexed pattern can be a Hadamard code pattern, for exam- 
ple, as shown in Fig. 1 E. Hadamard codes are obtained by selecting as codewords the rows of a Hadamard matrix. A 
Hadamard matrix "A" is a NxN matrix of binary valued elements such that each row differs from any other row in exactly 
N/2 locations. One row contains all minus ones with the remainder containing N/2 minus ones and N/2 plus ones. The 
30 minimum distance for these codes, that is the number of elements in which any two code words differ, is N/2. Other 
orthogonal frequency division multiplexed patterns can be used, such as Golay codes or Reed-Solomon codes, which 
have a sufficient minimum distance to enable the calibration burst 1 1 0 from each base station within the reception range 
of a remote station, to be uniquely encoded. A discussion of minimum distance codes can be found in the book by Rap- 
paport, "Wireless Communications". Prentice Hall, 1996. The distinctive orthogonal frequency division multiplexed pat- 
as terns of the calibration bursts 110 shown in Fig. 1E, are depicted as patterns of vertical arrows along the ordinate, 
arrayed along the frequency dimension of the abscissa. The ordinate is the binary value "+1" or "-1" of a respective fre- 
quency tone, that is modulated in a binary phase shift keying (BPSK) or a quadrature phase shift keying (QPSK) mod- 
ulation technique. The frequency tones of the calibration bursts 110 can also be modulated in a higher order Mary 
phase shift keying (MPSK) modulation technique. These modulation techniques are described in greater detail in the 
40 book by Rappaport, "Wireless Communications", Prentice Hall, 1996. 

[0017] The base station forms each respective calibration burst for each antenna element using spread spectrum 
modulation techniques, by computing spreading weights to spread an outgoing calibration signal over the plurality of 
outgoing calibration tone frequencies in the calibration burst 1 10, using the distinctive Hadamard orthogonal frequency 
division multiplexed pattern. The calibration burst 110 is then demodulated at the remote station's receiver by crosscor- 
45 relation with the Hadamard code that is unique to the transmitting base station. The process of spread spectrum mod- 
ulation and demodulation is described in the above referenced Alamouti, Stolarz, et al. patent application which is 
incorporated herein by reference. 

[001 8] Each antenna element E0. E1 , E2, to E7 of the base station Z0. in turn, transmits its respective calibration burst 
1 1 0 in the form of a spread signal comprising the calibration signal spread over the plurality of calibration tone frequen- 
so cies. 

[001 9] The plurality of calibration bursts are part of a transmission frame 1 1 2 having a reference phase. Fig. 1 D shows 
four stages of the composite calibration frame 112: frame 1 has uncorrected calibration bursts 1 1 0 as seen at the base 
station Z0; frame 2 has uncorrected calibration bursts 1 10 as seen at the remote station R0; frame 3 has corrected cal- 
ibration bursts 110 as seen at the base station Z0; and frame 4 has corrected calibration bursts 110 as seen at the 
55 remote station R0. 

[0020] The remote station R0 receives the calibration bursts 1 1 0 in Fig. 1 C and despreads the spread signal by using 
despreading weights. This process is described in the above referenced Alamouti, Stolarz, et al. patent application 
which is incorporated herein by reference. The remote station R0 measures values related to the relative phase drffer- 
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ence between the calibration bursts 110 and the SYNC reference phase. The remote station RO also measures the 
SINR of the received bursts 110. The measured values are then prepared as a sampling data message shown in Fig. 
1 B, that is transmitted by the remote station RO back to the base station ZO. Fig. 1 B shows each remote station RO and 
R1 returning their respective sampling data messages to the base station ZO. 
5 [0021 ] For example: The remote station RO despreads the calibration burst 110 with the appropriate Hadamad matrix 
column: 

ex:H 16 (1)=+1-1+1-1+1-1+1-1 1 

10 

Signal = -Us x H 16 (1) 



SINR = 10log 10 (V' 2 + O 2 ) 

is 

phase =tan 1 ^ 

20 

Yielding a signal complex value l 1 . Q-| . where Q and I are the axes of a two dimensional constellation diagram depicting 
a QPSK modulated signal. Additional discussion of QPSK modulation can be found in the book by Rappaport, "Wire- 
less Communications", Prentice Hall, 1996. 

[0022] As an alternative, the remote station RO can measure absolute phase information in case the SINR of antenna 
25 element E0 is too low, thereby allowing the base ZO to reference the phase to the strongest signal measured by the 
remote station R0. 

[0023] The remote station R0 the performs the same steps on all eight of the calibration subframes received and con- 
verts the phase measurement to be with respect to the SYNC header at the beginning of the calibration frame, thereby 
forming the following vectors: 

30 

SINR = [S,. S 2 , S 3 , S 4 , S 5 , S 6 , S 7 , Sa] 

Phase = [0, P 2 , P 3 , P 4 , P 5 , P 6 , P 7 . P£ when P N = phase n - phase, 

[0024] In Fig. 1 B, the remote station R0 the sends the sampling data back to the base station Z0 as magnitude and 
35 phase vectors in a common access channel (CAC) message during: 

Call Request - for remote station originated calls 

Call Setup Response - for remote station terminated calls 

Ping Response - for a remote station status request by base Z0 

40 

The Base Z0 then uses this data to: 

1) Directly beamform the signal to a given remote station by adding spreading weights to maximize the signal 
received by the remote station. 
45 2) Beamforrn the signal received by the base station from the remote station R0 and simultaneously cancel sig- 

nals received from other remote stations R1 in the same cell CO that represent interference, by optimizing the 
sampling data collected from the multiple remote stations R0 and R1 on a given common access channel 
(CAC). 

3) Calibrate the base antenna array E0, E1 . E2, to E7 by collecting phase and amplitude information from mul- 
50 tiple remote stations R0 and R1 and combing this with the known latitude and longitude of the base Z0 and the 

remote stations R0 and R1 to correct for analog electronics errors, array positioning error and effects of chan- 
nel distortion. This enables the accurate steering of .the beam to each respective remote station, tt also enables 
accurate omnicasting transmissions to all of the remote stations. 

4) The optimized channel characteristics established by this method at the base station Z0 in the forward chan- 
55 nel (transmissions from the base to the remote station) can also be transferred to the respective remote sta- 
tions to enable optimized reverse channel characteristics (transmissions from the remote station back to the 
base station) for true retrodirective beam forming. 
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[0025] The base station receives the sampling data message in Fig. 1 B and calculates therefrom a beam steering 
correction to modify the relative phase difference. The receivers (RCVR) at the base station pass the received signal 
from the antenna elements E0, E1. E2, to E7over line 108 to thedespreading weights, and the resulting despread sam- 
pling data message is passed over line 104 to the beam steering calibration manager 100. This beam steering correc- 

5 tion is then applied to traffic bursts 1 20 in Fig. 1 F, that are respectively transmitted from the plurality of antenna elements 
E0, E1, E2, to E7 at the base station Z0, to steer the plurality of traffic bursts 120 toward the remote station R0. The 
beam steering correction steers the traffic bursts 120 to maximize the signal-to-interference-noise ratio (SINR) of the 
traffic bursts at the remote station R0. Fig. 1F shows the superframe 150 as it appears at each respective one of eight 
antenna elements EO, E1 , E2. to E7 at the base station Z0, each superframe 150 consisting of a calibration frame 112 

10 with one of the sequence of calibration bursts 110. and also one or more traffic frames 122 with a plurality of traffic 
bursts 120. The base station Z0 adjusts the relative phases of the traffic bursts 120 transmitted by a particular element 
E0, E1, E2, to E7 to be the same as the relative phase of the calibration burst 110 transmitted from that respective 
antenna element. 

[0026] The sampling data message of Fig. 1 B, that is received by the base station Z0 is in the form of a spread signal 

is comprising an incoming link control signal, the common access channel (CAC), that includes the sampling data mes- 
sage values spread over a plurality of incoming link control frequencies. The base station ZO adaptively despreads the 
spread signal by using despreading weights, recovering the sampling data message values. This process is described 
in the above referenced Alamouti, Stolarz, et al. patent application which is incorporated herein by reference. The base 
. station Z0 then derives from the received values, the current relative phase difference ( as measured at the remote sta- 

20 tion) between the respective of calibration bursts 1 1 0 and the reference phase SYNC of the transmitted calibration 
frame 112. The beam steering calibration manager 100 at the base station Z0 then compares the current derived rela- 
, tive phase difference with a previous value of the relative phase difference that was derived from a prior measurement 
at the remote station R0, of an earlier calibration burst 110. The prior measurement had resulted from beam steering 
corrections that were applied at the base station Z0 to the earlier calibration burst. The beam steering calibration man- 

25 ager 100 at the base station then calculates a transmission phase correction to the plurality of antenna elements E0, 
E1 , E2, to E7 in response to the comparing step, to minimize the relative phase differences between the plurality of traf- 
fic bursts 1 20 at the remote station R0. Referring to Fig. 1 C and Fig. 1 F, the relative phase difference between the traffic 
burst 120 in traffic subframe FT0 along path (E0.R0] from antenna element E0 to R0, relative to the traffic burst 120 in 
traffic subframe FT0 along path (E7.R0] from antenna element E1 to R0, is proportional to the difference Ad between 

30 the path lengths: 



[0027] The beam steering calibration manager 100 at the base station base Z0 can maximize the SINR of the traffic 
bursts 120 transmitted to the remote station R0 by applying spreading weights minimize the relative phase difference 
between the traffic burst 120 in traffic subframe FT0 along path (EO.R0] from antenna element E0 to R0, relative to the 
traffic burst 120 in traffic subframe FTO along path (E7.R0] from antenna element E1 to R0. This is the calculated trans- 

40 mission phase correction 

[0028] The base station then computes spreading weights to spread outgoing traffic signals over a plurality of outgo- 
ing frequencies, using the calculated transmission phase correction. This process is described in the above referenced 
Alamouti, Stolarz, et al. patent application which is incorporated herein by reference. The base station spreads the traf- 
fic signals over the plurality of outgoing frequencies using the computed spreading weights, thereby forming the plurality 

45 of outgoing traffic bursts. The resulting traffic bursts 1 20 are transmitted from the plurality of antenna elements. In a pre- 
ferred embodiment, the base station is part of a wireless discrete multitone spread spectrum communications system. 
[0029] In another aspect of the invention, the calibration tone frequencies in the calibration bursts are also used for 
lid control in the traffic bursts. Fig. 1G illustrates the reuse of the tones CO, C1, C2, to C15 used in the calibration burst 
1 1 0 for calibration, to also be used as the tones CO, C'1 , C2, to C'1 5 for call control functions in the traffic bursts 1 20. 

so [0030] Fig. 2 is a flow diagram of the operation of the base station and remote station in accordance with the invention. 
The flow diagram of Fig. 2 begins with step 210, forming a first calibration burst at a first antenna element of a base 
station, including a plurality of tone frequencies arranged in a distinctive orthogonal frequency division multiplexed pat- 
tern unique to the base station. Then the method continues with step 220, forming a second calibration burst at a sec- 
ond antenna element of the base station, including the plurality of tone frequencies arranged in the pattern. Then the 

55 method continues with step 230. sequentially transmitting the first calibration burst from the first antenna element and 
the second calibration burst from the second antenna element. Then the method continues with step 240, receiving the 
first and second calibration bursts at a remote station and measuring a value related to a relative phase difference 
between therebetween. Then the method continues with step 250, transmitting the value back to the base station and 



Relative phase difference is proportional to f 2* -r- 
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calculating therefrom a beam steering correction at the base station to modify the relative phase difference. Then the 
method continues with step 260, applying the beam steering correction to first and second traffic bursts respectively 
transmitted from the first and second antenna elements at the base station to the remote station. 
[0031] Fig. 3 is a flow diagram ol the operation of the beam steering calibration manager 100 in the base station Z0. 
5 The flow diagram of Fig. 3 begins with step 310, beam steering calibration manager 1 00 forming a first calibration burst 
1 10 at a first antenna element E0 of base station Z0, including a plurality of tone frequencies arranged in the distinctive 
orthogonal frequency division multiplexed pattern unique to the base station Z0. Fig. 1 A shows the path 102 from the 
beam steering calibration manager 1 00 to the spreading weights processor. The spreading weights processor forms 
each respective calibration burst for each antenna element by computing spreading weights to spread an outgoing Cai- 
ro ibration signal over the plurality of outgoing calibration tone frequencies, using the distinctive Hadamard orthogonal fre- 
quency division multiplexed pattern. Then the method continues with step 320. with the spreading weights processor 
forming a second calibration burst 1 10 at a second antenna element E1 of the base station Z0, including the plurality of 
tone frequencies arranged in the pattern. 

[0032] Then the method continues with step 330, where the spreading weights processor passes the spread signal 
is over path 106 to the respective transmitters of the antenna elements E0 and E1 , for sequentially transmitting the first 
calibration burst from the first antenna element E0 and the second calibration burst from the second antenna element 
E1. 

[0033] Then the method continues with step 340, where the base station Z0 receives from the remote station R0 the 
value measured at R0 related to the relative phase difference between the first calibration burst from the first antenna 

20 element E0 and the second calibration burst from the second antenna element E1 . Then the method continues with 
step 350, with the beam steering calibration manager 100 calculating a beam steering correction at the base station to 
modify the relative phase difference. Then the method continues with step 360, with the beam steering calibration man- 
ager 100 applying the beam steering correction to first and second traffic bursts respectively transmitted from the first 
and second antenna elements at the base station to the remote station. 

25 [0034] Although the preferred embodiments of the invention have been described in detail above, it will be apparent 
to those of ordinary skill in the art that obvious modifications may be made to the invention without departing from its 
spirit or essence. Consequently, the preceding description should be taken as illustrative and not restrictive, and the 
scope of the invention should be determined in view of the following claims. 

30 Claims 

1 . A highly bandwidth-efficient communications method, comprising the steps of: 

forming a first calibration burst at a first antenna element of a base station, including a plurality of tone f requen- 
35 cies arranged in a distinctive orthogonal frequency division multiplexed pattern unique to said base station; 

forming a second calibration burst at a second antenna element of said base station, including said plurality of 
tone frequencies arranged in said pattern; 

sequentially transmitting said first calibration burst from said first antenna element and said second calibration 
burst from said second antenna element; 
40 receiving said first and second calibration bursts at a remote station and measuring a value related to a relative 

phase difference between therebetween; 

transmitting said value back to said base station and calculating therefrom a beam steering correction at said 
base station to modify said relative phase difference; and 

applying said beam steering correction to first and second traffic bursts respectively transmitted from said first 
45 and second antenna elements at said base station to said remote station. 

2. The highly bandwidth-efficient communications method of claim 1 , wherein said first and second calibration bursts 
are part of a transmission frame having a reference phase and said value includes a relative phase of said first and 
second calibration bursts with respect to said reference phase. 

50 

3. The highly bandwidth-efficient communications method of claim 1, wherein said value includes a signal-to-irrterfer- 
ence-noise ratio (SINR) of said first and second calibration bursts. 

4. The highly bandwidth-eff icierrt communications method of claim 1 , wherein said beam steering correction at said 
55 base station steers said first and second traffic bursts respectively transmitted from said first and second antenna 

elements toward said remote station. 

5. The highly bandwidth-efficient communications method of claim 1, wherein said beam steering correction at said 
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base station steers said first and second traffic bursts respectively transmitted from said first and second antenna 
elements to maximize a signal-to-interference-noise ratio (SINR) of said first and second traffic bursts. 

6. The highly bandwidth-efficient communications method of claim 1 , wherein said step of forming said first calibration 
5 burst at a first antenna element comprises the steps of: 

selecting said distinctive orthogonal frequency division multiplexed pattern unique to said base station; 
computing spreading weights at said base station to spread an outgoing calibration signal over a plurality of 
outgoing frequencies, using said pattern; and 
w spreading said calibration signal over said plurality of outgoing frequencies using said computed spreading 

weights, thereby forming said first calibration burst. 

7. The highly bandwidth-efficient communications method of claim 1 , wherein said step of calculating said beam 
steering correction at said base station comprises the steps of: 

15 

receiving at said base station a spread signal comprising an incoming link control signal that includes said 
value spread over a plurality of incoming link control frequencies; 

adaptively despreading said spread signal received at the base station by using despreading weights, recov- 
ering said value; 

20 deriving from said value said relative phase difference measured between said first and second calibration 

bursts at said remote station; 

comparing said derived relative phase difference with a preceding derived relative phase difference measured 
between preceding first and second calibration bursts at said remote station resulting from a preceding beam 
steering correction applied at said base station to said preceding first and second calibration bursts; 
25 calculating a transmission phase correction to said first and second antenna elements in response to said com- 

paring step, to minimize a relative phase difference between said first and second traffic bursts at said remote 
station. 

8. The highly bandwidth-efficient communications method of claim 7, wherein said base station is part of a wireless 
30 discrete multitone spread spectrum communications system. 

9. The highly bandwidth-efficient communications method of claim 7, wherein said calibration tones are used for link 
control in said traffic bursts. 

35 10. The highly bandwidth-efficient communications method of claim 7, wherein said step of applying said beam steer- 
ing correction to said first and second traffic bursts further comprises the steps of: 

computing spreading weights at said base station to spread traffic signals over a plurality of outgoing frequen- 
cies, using said calculated transmission phase correction; and 
to spreading said traffic signals over said plurality of outgoing frequencies using said computed spreading 

weights, thereby forming said first and second traffic bursts. 

11 . A highly bandwidth-efficient communications method, comprising the steps of: 

45 forming a first calibration burst at a first antenna element of a base station, including a plurality of tone frequen- 

cies arranged in a distinctive orthogonal frequency division multiplexed pattern unique to said base station; 
forming a second calibration burst at a second antenna element of said base station, including said plurality of 
tone frequencies arranged in said pattern; 

sequentially transmitting said first calibration burst from said first antenna element and said second calibration 
so burst from said second antenna element; 

receiving a value from a remote station, said a value related to a relative phase difference between said first 
and second calibration bursts at said remote station; 

calculating from said value a beam steering correction at said base station to modify said relative phase differ- 
ence; and 

55 applying said beam steering correction to first and second traffic bursts respectively transmitted from said first 

and second antenna elements at said base station to said remote station. 

12. The highly bandwidth-efficient communications method of daim 1 1 , wherein said first and second calibration bursts 



8 



JNSDOCID: <EP 09409 34 A2J_> 



EP 0 940 934 A2 



are part of a transmission frame having a reference phase and said value includes a relative phase of said first and 
second calibration bursts with respect to said reference phase. 

13. The highly bandwidth-efficient communications method of claim 11, wherein said value includes a signal-to-inter- 
5 ference-noise ratio (SINR) of said first and second calibration bursts. 

14. The highly bandwidth-efficient communications method of claim 11, wherein said beam steering correction at said 
base station steers said first and second traffic bursts respectively transmitted from said first and second antenna 
elements toward said remote station. 

70 

1 5. The highly bandwidth-efficient communications method of claim 1 1 , wherein said beam steering correction at said 
base station steers said first and second traffic bursts respectively transmitted from said first and second antenna 
elements to maximize a signal-to-interference-noise ratio (SINR) of said first and second traffic bursts. 

rs 16. The highly bandwidth-efficient communications method of claim 1 1 , wherein said step of forming said first calibra- 
tion burst at a first antenna element comprises the steps of: 

selecting said distinctive orthogonal frequency division multiplexed pattern unique to said base station; 
computing spreading weights at said base station to spread an outgoing calibration signal over a plurality of 
20 outgoing frequencies, using said pattern; and 

spreading said calibration signal over said plurality of outgoing frequencies using said computed spreading 
weights, thereby forming said first calibration burst. 

17. The highly bandwidth-efficient communications method of claim 11, wherein said step of calculating said beam' 
25 steering correction at said base station comprises the steps of: 

receiving at said base station a spread signal comprising an incoming link control signal that includes said 
value spread over a plurality of incoming link control frequencies; 

adaptively despreading said spread signal received at the base station by using despreading weights, recov- 
30 ering said value; 

deriving from said value said relative phase difference measured between said first and second calibration 
bursts at said remote station; 

comparing said derived relative phase difference with a preceding derived relative phase difference measured 
between preceding first and second calibration bursts at said remote station resulting from a preceding beam 
35 steering correction applied at said base station to said preceding first and second calibration bursts; 

calculating a transmission phase correction to said first and second antenna elements in response to said com- 
paring step, to minimize a relative phase difference between said first and second traffic bursts at said remote 
station. 

40 1 8. The highly bandwidth-efficient communications method of claim 1 7, wherein said base station is part of a wireless 
discrete multitone spread spectrum communications system. 

1 9. The highly bandwidth-efficient communications method of claim 1 7, wherein said calibration tones are used for link 
control in said traffic bursts. 

45 

20. The highly bandwidth-efficient communications method of claim 1 7, wherein said step of applying said beam steer- 
ing correction to said first and second traffic bursts further comprises the steps of: 

computing spreading weights at said base station to spread traffic signals over a plurality of outgoing frequen- 
50 cies, using said calculated transmission phase correction; and 

spreading said traffic signals over said plurality of outgoing frequencies using said computed spreading 
weights, thereby forming said first and second traffic bursts. 

21 . A highly bandwidth-efficient communications system, comprising: 

55 

means for forming a first calibration burst at a first antenna element of a base station, including a plurality of 
tone frequencies arranged in a distinctive orthogonal frequency division multiplexed pattern unique to said 
base station;. 
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means for forming a second calibration burst at a second antenna element of said base station, including said 
plurality of tone frequencies arranged in said pattern; 

means for sequentially transmitting said first calibration burst from said first antenna element and said second 
calibration burst from said second antenna element; 
s means for receiving a value from a remote station, said a value related to a relative phase difference between 

said first and second calibration bursts at said remote station; 

means for calculating from said value a beam steering correction at said base station to modify said relative 
phase difference; and 

means for applying said beam steering correction to first and second traffic bursts respectively transmitted from 
io said first and second antenna elements at said base station to said remote station. 

22. The highly bandwidth-efficient communications system of claim 21, wherein said first and second calibration bursts 
are part of a transmission frame having a reference phase and said value includes a relative phase of said first and 
second calibration bursts with respect to said reference phase. 

15 

23. The highly bandwidth-efficient communications system of claim 21, wherein said value includes a signal-to-inter- 
ference-noise ratio (SINR) of said first and second calibration bursts. 

• 24. The highly bandwidth-efficient communications system of claim 21 , wherein said beam steering correction at said 
20 base station steers said first and second traffic bursts respectively transmitted from said first and second antenna 
elements toward said remote station. 

25. The highly bandwidth-efficient communications system of claim 21, wherein said beam steering correction at said 
base station steers said first and second traffic bursts respectively transmitted from said first and second antenna 

25 elements to maximize a signal-to-interference-noise ratio (SINR) of said first and second traffic bursts. 

26. The highly bandwidth-efficient communications system of claim 21, wherein said means for forming said first cali- 
bration burst at a first antenna element comprises: 

30 means for selecting said distinctive orthogonal frequency division multiplexed pattern unique to said base sta- 

tion; 

means for computing spreading weights at said base station to spread an outgoing calibration signal over a 
plurality of outgoing frequencies, using said pattern; and 

means for spreading said calibration signal over said plurality of outgoing frequencies using said computed 
35 spreading weights, thereby forming said first calibration burst. 

27. The highly bandwidth-efficient communications system of claim 21 , wherein said means for calculating said beam 
steering correction at said base station comprises: 

40 means for receiving at said base station a spread signal comprising an incoming link control signal that 

includes said value spread over a plurality of incoming link control frequencies; 

means for adaptively despreading said spread signal received at the base station by using despreading 
weights, recovering said value; 

means for deriving from said value said relative phase difference measured between said first and second cal- 

45 ibration bursts at said remote station; 

means for comparing said derived relative phase difference with a preceding derived relative phase difference 
measured between preceding first and second calibration bursts at said remote station resulting from a preced- 
ing beam steering correction applied at said base station to said preceding first and second calibration bursts: 
means for calculating a transmission phase correction to said first and second antenna elements in response 

so to said means for comparing, to minimize a relative phase difference between said first and second traffic 

bursts at said remote station. 

28. The highly bandwidth-efficient communications system of claim 27, wherein said base station is part of a wireless 
discrete multitone spread spectrum communications system. 

55 

29. The highly bandwidth-efficient communications system of claim 27, wherein said calibration tones are used for link 
control in said traffic bursts. 
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30. The highly bandwidth-efficient communications system of claim 27, wherein said means for applying said beam 
steering correction to said first and second traffic bursts further comprises: 

means for computing spreading weights at said base station to spread traffic signals over a plurality of outgoing 
5 frequencies, using said calculated transmission phase correction; and 

means for spreading said traffic signals over said plurality of outgoing frequencies using said computed 
spreading weights, thereby forming said first and second traffic bursts. 
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FIG. 1G 
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(57) A highly bandwidth-efficient communications 
method is disclosed, to maximize the signal-to-interfer- 
ence-noise ratio (SINR) of transmissions from a base 
station to a remote station in a wireless communications 
system. The method is used for base stations that have 
a plurality of antenna elements that are capable of spa- 
tial beam steering by altering the relative phase of trans- 
mission of signals from the respective elements. The 
method of the invention is based on providing calibra- 
tion frames that sequentially transmit calibration bursts 
from the respective antenna elements for a particular 
destination remote station. The calibration bursts 
include a plurality of tone frequencies arranged in a dis- 
tinctive orthogonal frequency division multiplexed pat- 
tern unique to the base station. The unique pattern 
enables a remote station to distinguish the base sta- 
tion's bursts from other signals present in a crowded 
area. The distinctive orthogonal frequency division mul- 
tiplexed pattern can be a Hadamard code pattern, for 
example. The plurality of calibration bursts are part of a 
transmission frame having a reference phase. The 
remote station receives the calibration bursts and meas- 
ures values related to the relative phase difference 
between the calibration bursts and the reference phase. 
The remote station also measures the SINR of the 
received bursts. The measured values are then pre- 
pared as a sampling data message that is transmitted 
by the remote station back to the base station. The base 
station then calculates therefrom a beam steering cor- 
rection to modify the relative phase difference. This 



beam steering correction is then applied to traffic bursts 
that are respectively transmitted from the plurality of 
antenna elements at the base station, to steer the plu- 
rality of traffic bursts toward the remote station. The 
beam steering correction steers the traffic bursts to 
maximize the signal-to-interference-noise ratio (SINR) 
of the traffic bursts at the remote station. 
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